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nloaded froThe ability to engineer a thin two-dimensional surface for light trapping across an ultra-broad spectral range is
central for an increasing number of applications including energy, optoelectronics, and spectroscopy. Although
broadband light trapping has been obtained in tall structures of carbon nanotubes with millimeter-tall dimensions,
obtaining such broadband light–trapping behavior from nanometer-scale absorbers remains elusive. We report a
method for trapping the optical field coincident with few-layer decoupled graphene using field localization within
a disordered distribution of subwavelength-sized nanotexturing metal particles. We show that the combination of
the broadband light–coupling effect from the disordered nanotexture combined with the natural thinness and re-
markably high and wavelength-independent absorption of graphene results in an ultrathin (15 nm thin) yet ultra-
broadband blackbody absorber, featuring 99% absorption spanning from the mid-infrared to the ultraviolet. We
demonstrate the utility of our approach to produce the blackbody absorber on delicate opto-microelectromechanical
infrared emitters, using a low-temperature, noncontact fabrication method, which is also large-area compatible. This
development may pave a way to new fabrication methodologies for optical devices requiring light management at
the nanoscale. m o
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 INTRODUCTION
Managing the broadband optical characteristics of a surface using
nanostructure is an endeavor achieved in nature by evolution (1–3)
and pursued by technology (4, 5). Engineering a two-dimensional
(2D) thin film for broadband light trapping is of particular techno-
logical interest (5, 6). This ability is central to applications in energy
harvesting, sensing, imaging, optoelectronics, telecommunications,
and spectroscopy, where the thin film comprises the key photoactive
component of the devices (5–11). From Kirchhoff’s law, such 2D
light-trapping film is also nontransmitting and antireflecting and is
therefore a blackbody (12). This optical performance over broadband
has been pursued technologically in a number of ways. For thickness
dimensions significantly greater than the wavelength (3D), structures
such as tall carbon nanotube forests or silicon nanowires provide a
highly effective technique for light trapping (12–15). These structures
enable index matching to air, followed by multiple scattering events,
and are able to achieve record values of absorption when the tube
heights are in the millimeter range (12). At smaller, few-micrometer
dimensions, surface texturing (ordered and disordered) complemented
by reflectors are used to randomize the angular scattering and enhance
the effective path length for absorption (16, 17). Also, ordered arrays
have been used to provide adiabatic coupling of the index of refraction
to the substrate bulk through an effective medium to minimize
reflection (18, 19). For nanometer-thin films of subwavelength
dimensions, methods based on photonic crystals, plasmonic nano-
structures, and nanocavity resonators are used to provide enhanced
coupling of light (20–26). Photonic crystals have been designed
to couple light from free space, into light trapping modes in the me-
dium (20–22). Plasmonic arrays work either by scattering light into
in-plane modes or by increasing the optical fields around metal nano-
structures (23–26). However, this enhancement is based on resonanceeffects and thereby occurs over a selected but narrow-band spectral
range (20–26). Until now, broadband light trapping from nanometer
layers of subwavelength dimensions remains an elusive technological
challenge.
Graphene, a single atomic layer of graphite, features a gapless band
structure (27, 28). It also exhibits remarkably high absorption for a
single layer of atoms (a = 2.3%), which is also wavelength-independent
throughout the linear region of the band structure (~1 eV) (28–31).
Beyond this energy [visible and ultraviolet (UV)], some deviation
from this linearity is observed, although it remains almost wavelength-
independent, to within a fraction of a percent (29). Despite this, the
absolute absorption and quantum efficiency remain low, and avenues
to enhance the optical coupling are required before viable optical
device implementations. Enhanced optical interactions in resonant
plasmonic clusters coupled to graphene layers (30, 31) have yielded
increased absorption as well as electronic tunability, leading to the
demonstration of graphene-based photodetectors with quantum effi-
ciencies of up to 20% over a spectral range from 600 to 1000 nm. Very
recently, emitters with plasmonic resonators formed from single-layer
graphene nanostructures were demonstrated (32). Using an electrostatic
gate to control the charge density in the graphene, modulation of the
emissivity by up to 0.03 could be achieved within a narrow spectral
range in the mid-infrared (IR); this is promising for applications that
require tunability or fast switching. However, the ability to permanently
modify a surface to emit blackbody radiation across ultra-broadband
spectral ranges (UV to the mid-IR) has remained elusive until now.
Other coupling methods based on guided modes and nanocavity
resonators (32–39) have shown significant improvements, but only at the
specific design wavelength. Gan et al. (39) reported optical absorption of
up to 45% from a single flake of graphene when coupled to a photonic
crystal nanocavity designed to operate at wavelength of 1479 nm. Cou-
pling using plasmonic resonances results in a broader wavelength range
of operation. More recently, finite-difference time-domain models
have shown that disordered (amorphous) nanostructuring of the 2D
films has the ability to improve the absorption over broadband and
wide angles as a result of the excitation of multiple in-plane1 of 8
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 electromagnetic modes that become trapped in the random media
(40, 41).
We combine the broadband absorption properties of a graphene
absorber (a few-layer graphene stack) with disordered nanotexturing,
using subwavelength-sized metal nanostructures. This combination
exhibits a marked enhancement of the broadband absorption, wherein
we report absorption enhancement from that of a bare metal surface
(15%) to that of a near-perfect absorber (99%) throughout the entire
mid-IR to UV spectral range, despite using only a nanometric-scale
(15 nm) absorber layer. The optical enhancement takes place
uniformly across this broad range, elucidating true blackbody behavior
from such a thin film. This improvement shows the arrangement
acting as an efficient means to obtain broadband light trapping from
free space, across this wide spectral range. We have used a stack of
individual graphene layers grown by the solid-state carbon source
method (42–44) as the optical absorber layer. This stack of individual
graphene layers [turbostratic graphene (45)] is differentiated from ul-
trathin graphite because each layer is electronically decoupled from
its adjacent layers by a random twist angle of the planes (44–46).
This decoupling is evidenced by the observation of a single Lorentzian
fit to the 2D peak of the Raman signal, which is known from this
method of graphene growth (47, 48). It is further manifested by an
increase in the d spacing between the planes from 0.335 nm inAnguita et al. Sci. Adv. 2016; 2 : e1501238 26 February 2016nominal graphite to 0.344 nm reported in turbostratic graphene
(44–46). Here, we report a d spacing of 0.356 nm, concurrent with
the Raman observations, which elucidates plane decoupling. The for-
mation of multiple decoupled graphene layers by the solid-state growth
method is well understood (44–48).
We demonstrate the practicality of our approach in the production
of absorber layers on top of the pixels in a thermal picture synthesizing
(TPS) device (Fig. 1; see Materials and Methods). For this particular
application, we use the absorber as an optical emitter of blackbody
radiation by thermally heating up the layer to a set temperature. From
Kirchhoff’s law, the efficiency of the blackbody emission from a surface
at a particular wavelength (compared to a perfect blackbody) known
as the emissivity, e(l), is equal to the absorptivity of the surface, e(l) =
a(l). A light-trapping surface is also an equally good emitter of
thermal radiation (emissivity), and both measurements can be used
interchangeably. The top surface of the pixels operates at a maximum
temperature of 800°C (Fig. 1A, inset) and is where the optical absorber
(and emitter of blackbody radiation) is produced during the final stages
of the production (Fig. 1, B and C). This surface exhibits ultra-broadband
antireflection from UV to mid-IR (Fig. 1D) and zero transmission.
This demonstrates high values for e(l) = a(l) ~ 99% across this
spectral range in the figure. Emissivity values were also confirmed
using IR imaging (see Materials andMethods). The figure inset shows the o
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Fig. 1. TPS pixel with nanostructured ultrathin emissivity coating on top surface. (A) TPS designwith raised surface. Inset: Model of pixel in operation [hot
scale, 20°C (blue); 800°C (red)]. (B) Top surface of TPS showing nanostructured ultrathin absorber. Area shown is denoted in red in (A). Inset: Comparison to a real
“moth-eye” from the nymphalid Bicyclus anynana (50). Scale bar, 500 nm. (C) High-resolution scanning transmission electronmicroscopy (HR-STEM) from top of
nanostructures, showing the graphene planes of the optical absorber layer. (D) Reflectance for the decoupledmultilayer (DM) graphene surrounding themetal
nanostructures (black curve), uncoated nanostructures (pink), nanostructures coatedwith amorphous carbon (a-C) (red), and a-C on a plain silicon substrate. The
DM graphene absorber (black curve) shows broadband antireflection. For all cases, the transmittance is zero; therefore, the absorbance is 1 − reflectance. Inset:
Transitions in the linear band structure of the DM graphene absorber involved in the broadband absorptivity and emissivity.2 of 8
R E S EARCH ART I C L Eelectron transitions in the band structure of graphene that give rise to the
broadband optical behavior. An ultrathin absorber layer is required
to minimize the heat capacity of the pixel and thereby to rapidly raise
the temperature at the surface, which is necessary for dynamic imaging.http://advan
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 RESULTS AND DISCUSSION
The disordered ensemble of Ti nanostructures was produced on the
top surface of the pixels using a sputter-etch process that preferentially
etches the grain boundaries to produce the nanoscale island particles
(see Materials and Methods). The diameters exhibit a Gaussian
distribution with a mean diameter of 135 nm and an SD of 20 nm
(Fig. 1B). These nanostructures are of subwavelength dimensions
compared to the blackbody emission at 800°C, which peak in intensity
for wavelengths in the 3- to 5-mm spectral range, where the device is
designed to operate. The nanostructures feature similar dimensions and
profiles to those found in moth-eye structures (Fig. 1B, inset) (49, 50).
The interaction between a plane wave (4-mm wavelength) and the
disordered array (Fig. 2) shows that the electric field of the wave
experiences strong localization to the spaces between and around
the nanostructures (Fig. 2A). In Fig. 2, the electric field oscillates in
the y axis, and the wave travels from left to right along the x axis.
The model shows that localization is strongest at the regions between
the particle nodules that are more closely spaced, giving rise to the
strongest field enhancements. The model shows that localization takesAnguita et al. Sci. Adv. 2016; 2 : e1501238 26 February 2016place in spite of the lack of long-range order. In addition, the interac-
tion of the wave induces displacement currents on the metallic
structures, producing Joule-heating effects (Fig. 2B). The location of
these displacement currents shows that the wave interacts strongly with
the surfaces around the nanostructures. The displacement currents
induced around the nanostructures (Fig. 2B, inset) generate additional
magnetic fields in the z direction (perpendicular to the page in Fig. 2C)
of opposite sign for adjacent nanostructures. This leads to the excita-
tion of additional modes that are in-plane with the nanostructured
surface (22, 39–41).
We additionally report that treating the nanostructure in Fig. 1 as a
disordered photonic crystal yields similar conclusions. It is known that
an ordered photonic crystal exhibits strong optical absorption for
wavelengths (l) such that a/l < 0.2, where a is the lattice constant. This
occurs for wave energies well below the gap (51, 52). In this regime,
there is a strong interaction between the mode and the material that
the crystal is made from, resulting in wave attenuation (51, 52). An
active optical absorber (graphene layers) located at this surface is
the ideal location to enhance optical absorption. For an amorphous
arrangement of nanostructures, the lattice constant a = L/√N, where
N is the number of nanostructures in a cell of side L (51). This
“strongly interacting” condition is met in our case, where a/l ≈ 10−2
for wavelengths within the 3- to 5-mm spectral range.
The decoupled multilayer graphene absorber was deposited around
the surface of the nanostructures by the solid-state method, by
sputter-depositing 20-nm catalytic Fe film, followed by 40-nm a-C o
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Fig. 2. Interaction of 4-mm wavelength radiation with metal nanostructures (without graphene absorber layer). (A) Interaction of electric field (in
the y plane) (Ey) with nanostructures. Field strength of incident wave is 1 Vm−1. (B) Location of displacement currents (ID) generated by wave, indicated as
regions of resistive heating (RH). These regions are the locations where the wave interacts with the nanostructures. Inset: Motion of displacement current
around nanostructures. (C) Magnetic field (z direction) (Bz) generated by displacement currents in (B). (D) Total energy density of wave (time-averaged) (U)
showing confinement of the wave’s energy to the spaces around the nanostructures.3 of 8
R E S EARCH ART I C L Earound the nanostructures, and by thermal annealing (see Materials
and Methods). This method facilitates the growth of numerous turbo-
stratic layers of decoupled graphene (20, 43, 44). It is favored here over
standard chemical vapor deposition methods because these quickly be-
come self-limited by even a small number of graphene layers, which
separate the catalytic surface from the carbon feedstock in the vapor
(44). The excess a-C provided in the feedstock (excess carbon not taking
part in the catalytic formation of graphene) becomes oxidized into
volatile components during the thermal process (20, 43, 44). A second
reference sample was produced by depositing the a-C directly on the
Ti, without involving a catalytic metal layer.
The catalytic crystallization of the a-C was monitored non-
destructively by Raman spectroscopy (53) (Fig. 3). Before annealing,
both samples feature broad D (~1350 cm−1) and G (~1580 cm−1)Anguita et al. Sci. Adv. 2016; 2 : e1501238 26 February 2016bands and no presence of the 2D second-order peak (~2700 cm−1),
revealing a true amorphous carbon structure for both types of sub-
strates. After annealing, the Fe-coated structures reveal a spectrum
with the characteristic fingerprints of graphene materials (53). This
spectrum consists of a pronounced 2D peak of comparable intensity
to the G peak and a pronounced reduction in the full width at half
maximum (FWHM) of the D and G bands (Fig. 3, C and D). HR-STEM
(Fig. 1C) reveals the presence of ~40 graphene planes at the sur-
face of the nanostructures, with a mean separation between the planes
of around 0.356 nm, which is around 6% greater than the d spacing
in pure graphite (0.335 nm). This higher separation is associated
with the decoupling of the graphitic planes into individual graphene
layers (44, 47, 48). Additional evidence for electronic decoupling of
the layers is the observation of a 2D peak that fits a single Lorentzian o
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Fig. 3. Evolution of absorber with annealing. (A and B) Raman spectroscopy of carbon films on Fe-coated (A) and bare Ti (B) nanostructures as a
function of annealing, using a 514-nm laser. (C and D) Evolution of the D/G and the 2D/G peak height ratio (C) and FWHM of the D and G peaks, showing
the formation of graphene structures for the Fe-coated nanostructures (D). (E and F) Optical absorption with annealing for films from (A) and (B), respec-
tively. The increase in the broadband absorption is evident in the Fe-coated nanostructures in (E) and corroborated by emissivity measurements.4 of 8
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 curve (with an FWHM of 65 cm−1) (Fig. 4A, inset), evidencing electronic
decoupling of the layers (47, 48). Fully coupled layers (as for the case of
graphite) give rise to multiple bands in the 2D peak structure, whereas
individual sheets of graphene show a single Lorentzian 2D peak (47, 48).
This known decoupling effect by the solid-state growth method originates
from the individual formation of each graphene sheet at different times
during the growth as a result of the temperature-dependent solubility of
carbon in the catalyst (44). This results in the formation of each layer
independently of the previous layer and consequently with a differ-
ent orientation, resulting in a twist angle (44–46). This step-growth
mechanism leads to the formation of a stack of independent graphene
planes. The Raman spectra show a weak D-band remnant even after
annealing at 950°C, which is further indicative of turbostratic graphene
sheets (48). A strong and broadband enhancement of the optical
absorption corroborates the formation of these graphene planes
on the nanostructures (Fig. 3E). This is also corroborated by a
strong increase in the thermal emissivity measurements (Fig. 4A).
The details of the spectral characteristics observed in the absorption
spectrum may not be characteristic of the density of states of pristine
graphene (or graphene stacks) because the nanostructured surface also
influences the absorption measurement.
In contrast, annealing the a-C on the Ti only (without the catalytic
activity of Fe) reveals roughly equal intensities of D and G bands and
weak second-order bands in the Raman spectrum even after annealing
at higher temperatures, indicating a disordered form of carbon (Fig. 3,
C and D). The absorption spectrum reveals an absorption edge that
red-shifts with each progressive anneal, suggesting a reduction in the
band gap of the a-C due to an increase in the amount of sp2-hybridized
amorphous carbon in the bulk (Fig. 3F). However, a clear absorption
edge remains even after annealing at higher temperatures, which
indicates the presence of a finite band gap, as is characteristic of
sp2-rich amorphous carbon featuring a parabolic band structure
(Fig. 3F, left). Despite this, a significant increase in the absorption in
the IR with each progressive anneal is also observed for the a-C samples,
which is also corroborated by emissivity measurements (Fig. 4B, inset),
which reflect direct optical transitions within local sp2 clusters.
The interaction between the decoupled graphene absorber with the
nanostructure and the resultant effect on the emissivity is depicted in
Table 1.This shows that thenanostructures alone (without carbon)provide
only aminor enhancement of the emissivity because of the lack of an active
absorber. The table also shows that the absorber layer deposited on a flat
surface also provides a low emissivity enhancement due to the absence of
the coupling effect that the nanotexturing provides. The table shows0 200 400 600 800 1000
20
40
60
80
100
 
E
m
is
si
vi
ty
 (
%
)
Anneal temperature (°C)
20
40
60
80
100
E
m
is
si
vi
ty
 (
%
)
B 
A 
2500 2600 2700 2800
 
 
In
te
ns
ity
 (
a.
u.
)
Raman shift (cm–1)
 2D peak
 Single Lorentz fit
0.25 0.30 0.35 0.40 0.45
0.2
0.4
0.6
0.8
1.0
 
 
P
ea
k 
ab
so
rb
an
ce
 (
a.
u
.)
Absorption edge (eV)
Fig. 4. Emissivity measurements in the 3- to 5-mm spectral range
obtained by IR imaging. (A) Improvement of the emissivity with the
formation of the multilayer graphene absorber around the Fe-coated
nanostructures. Inset: Single Lorenzian peak in Raman spectrum indicat-
ing decoupled graphene layers. (B) Emissivity improvement from
reference sample using a-C as the absorber (deposited directly on nano-
structures without Fe catalyst). Inset: Increase in peak absorption inten-
sity with reduction in the band gap of a-C films.Table 1. Evolution of the thermal emissivity (3-to 5-mmwavelengths) for samples with different layer structures, before and after annealing
at 800°C for 10 min. The table shows strong enhancement and necessity to have both the nanostructured titanium and carbon active absorber
combined to enhance the emissivity.Sample structure Emissivity before annealing (%) Emissivity after annealing (%)Si 10 10a-C/Si 10–20 10Ti-nano/Si 15 25a-C/Ti-nano/Si 20 95a-C/Fe catalyst/Ti-nano/Si 20 995 of 8
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 that the optical enhancement is observed only for the combined struc-
ture, whereas the effect of the absorber is amplified by the nanostruc-
ture. The spectral characteristics of these are shown in Fig. 1D.
Figure 5 shows this absorption behavior, depicting the energy of
the incident wave as it travels from free space (left to right in the
figure) and through the nanotextured region (blue-highlighted
region). The energy of the wave is shown for the case of interaction
with the bare-metal nanostructures (black curve and left case in the
figure inset) and for the absorber-coated nanostructures (red curve
and right case in the figure inset). The green dashed lines marked in
the figure inset depict the traces used to plot the energy density curves.
The model shows that the energy density of the wave increases to
values above 100% within the gap regions between the nanostructures
as a result of wave confinement in these spaces. For the case of the
uncoated nanostructures, the wave travels the full length of the nano-
structured region and reaches the bulk metal surface after losing only
~15% of the incident energy. A zoomed-in portion of the nanostruc-
ture (lower portion of the left inset) shows that most of the waves’
energy can reach this surface. This results in a predominantly re-
flective surface. In contrast, for the case of the absorber-coated nano-
structures (right case in figure inset and zoomed-in section below), the
wave is strongly attenuated, losing more than 90% of its energy in this
path. As a result, the wave energy close to the bulk metal surface is
lower than in the uncoated case (bottom left in the inset). After this,
the reflected wave experiences further attenuation in its return path,
resulting in a highly absorbing surface.
The absorption obtained in our nanotextured graphene layers is re-
markable given that the thickness dimension of the active absorber
component, 15 nm thin, is significantly smaller than the 4 mmwavelength.
The results presentedhere are the highest values reported fromanabsorberAnguita et al. Sci. Adv. 2016; 2 : e1501238 26 February 2016layer of subwavelengthdimensions across abroad spectral range.Addition-
al modeling shows that the absorption (and emissivity) drops only by 7%
upon reducing the height of the metal nanostructures to 150 nm and by
40% upon reducing the height to 50 nm. The nanostructures result
from partially etching the top surface of the Ti pixels and therefore
do not contribute an additional component of the emissivity surface.CONCLUSION
We have presented here a method for providing strong optical coupling
between free space and an optical absorber to arrive at an ultrathin yet
highly efficient optical absorbing surface that exhibits blackbody
behavior across a broadband range spanning from the UV to the IR.
The absorber exploits the remarkable optical properties of graphene
as a result of its gapless semiconducting structure and amplifies the
absorption using a combination of layer stacking and nanotexturing
around metal nanostructures, causing the optical enhancement. We
show that this combination of properties is required to achieve strong
optical performance. To our knowledge, this is the thinnest absorber
that spans this wavelength range in literature and is of subwavelength
dimensions. This constitutes a significant advancement in the field of
subwavelength optical active components. Our approach is fundamentally
different from similar results obtained using 3D nanostructures (larger
dimensions than the wavelength) that rely on multiple-scattering events.
These may not be applicable to new systems requiring compactness,
such as our TPS pixels. Also, our nanostructure represents a significant
improvementoverpreviousdevelopments that relyon theoptical properties
of flat surfaces alone (54). The production processes developed are noncon-
tact and highly suited for large-area applications, such as our TPS devices,
and are compatible with applications requiring light absorption, such as
absorbers for sensors, and design of light absorption components and
structures within the active region of new photovoltaic devices.MATERIALS AND METHODS
The TPS is a flat-panel pixelated display device fabricated on a 100-mm-
diameter silicon wafer, which is used to generate dynamic thermal
images in the IR. Each pixel (Fig. 1) is an opto-microelectromechanical
device that consists of a mechanically elevated planar metal surface
that includes an electrical resistor heating element (Fig. 1A). Ti metal
coatings were sputtered on the top of the pixels from a Ti metal tar-
get using a system from CVC at 10 mtorr and 100 W radio frequen-
cy (rf) power at 13.54 MHz onto TPS pixel structures, which were
obtained from BAE Systems. The nanostructures were produced by
pretreating the Ti surface with an argon plasma run at 40 W of rf
power, 20 mtorr, and 40 sccm (standard cubic centimeters per minute)
of argon gas using a system from Nordiko and were formed as a result
of grain boundary erosion. The Ti used for the nanostructures is part
of the mechanical structure of the pixel and therefore does not con-
tribute an additional component of the emissivity surface. Fe catalyst
layers were deposited over the nanostructures from a pure Fe metal
target using a system from JLS with 5 mtorr of argon at 20 sccm and
20 W of DC power. The a-C coating was sputter-deposited from a
pure graphite target using 20 W of DC power and 20 mtorr of argon
gas at 20 sccm. Computer modeling was done using the rf module
of COMSOL Multiphysics. Emissivity measurements were obtained–1.2 –1.0 –0.8 –0.6 –0.4 –0.2 0.0
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Fig. 5. Energy density in uncoated and carbon-coated nanostructure,
obtained from the model. The wave travels from free space through the
absorber region (in blue) to the bulk Ti surface (0 mm on the x axis) and is
weakly absorbed by the uncoated nanostructures (black curve, left inset) but
strongly absorbed by the carbon-coated nanostructures (red curve, right
inset). The dashed green lines in the inset depict the scan lines where the
curves were obtained. The inset shows (orange) the strong wave attenuation
before reaching the surface for the carbon-coated case (right) compared to
uncoated case (left). Wave confinement between the nanostructures results
in energy densities rising above 100% at these locations.6 of 8
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era and comparing them against a control bulk blackbody source at the
same temperature of 200°C. Emissivity measurements were verified
using the camera’s emissivity function. Fourier transform infrared
(FTIR) measurements were obtained using a diffused and specular re-
flectance attachment to a spectrometer from Nicolet. Raman measure-
ments were made using a system from Renishaw with the 514-nm line
of an argon ion laser. o
n
 M
arch 1, 2016
http://advances.sciencem
ag.org/
D
ow
nloaded from
 REFERENCES AND NOTES
1. Osaka University, Nature’s guiding light. Nat. Photonics 2, 639 (2008).
2. N. N. Shi, C.-C. Tsai, F. Camino, G. D. Bernard, N. Yu, R. Wehner, Keeping cool: Enhanced
optical reflection and radiative heat dissipation in Saharan silver ants. Science 349,
298–301 (2015).
3. J. R. Sambles, Biophotonics: Blue butterflies feel the heat. Nat. Photonics 6, 141–142 (2012).
4. R. A. Potyrailo, H. Ghiradella, A. Vertiatchikh, K. Dovidenko, J. R. Cournoyer, E. Olson,
Morpho butterfly wing scales demonstrate highly selective vapour response. Nat. Photonics
1, 123–128 (2007).
5. A. Polman, H. A. Atwater, Photonic design principles for ultrahigh-efficiency photovoltaics.
Nat. Mater. 11, 174–177 (2012).
6. Z. Yu, A. Raman, S. Fan, Fundamental limit of nanophotonic light trapping in solar cells.
Proc. Natl. Acad. Sci. U.S.A. 107, 17491–17496 (2010).
7. C.-H. Liu, Y.-C. Chang, T. B. Norris, Z. Zhong, Graphene photodetectors with ultra-broadband
and high responsivity at room temperature. Nat. Nanotechnol. 9, 273–278 (2014).
8. J. Clark, G. Lanzani, Organic photonics for communications. Nat. Photonics 4, 438–446
(2010).
9. A. Moreau, C. Ciracì, J. J. Mock, R. T. Hill, Q. Wang, B. J. Wiley, A. Chilkoti, D. R. Smith,
Controlled-reflectance surfaces with film-coupled colloidal nanoantennas. Nature 492,
86–89 (2012).
10. P. Bermel, M. Ghebrebrhan, W. Chan, Y. X. Yeng, M. Araghchini, R. Hamam, C. H. Marton,
K. F. Jensen, M. Soljačić, J. D. Joannopoulos, S. G. Johnson, I. Celanovic, Design and global op-
timization of high-efficiency thermophotovoltaic systems. Opt. Express 18, A314–A334 (2010).
11. F. B. P. Niesler, J. K. Gansel, S. Fischbach, M. Wegener, Metamaterial metal-based bolometers.
Appl. Phys. Lett. 100, 203508 (2012).
12. Z.-P. Yang, L. Ci, J. A. Bur, S.-Y Lin, P. M. Ajayan, Experimental observation of an ex-
tremely dark material made by a low-density nanotube array. Nano Lett. 8, 446–451
(2008).
13. Z.-P. Yang, M.-L. Hsieh, J. A. Bur, L. Ci, L. M. Hanssen, B. Wilthan, P. M. Ajayan, S.-Y. Lin,
Experimental observation of extremely weak optical scattering from an interlocking carbon
nanotube array. Appl. Optics 50, 1850–1855 (2011).
14. M. D. Kelzenberg, S. W. Boettcher, J. A. Petykiewicz, D. B. Turner-Evans, M. C. Putnam,
E. L. Warren, J. M. Spurgeon, R. M. Briggs, N. S. Lewis, H. A. Atwater, Enhanced absorption
and carrier collection in Si wire arrays for photovoltaic applications. Nat. Mater. 9, 239–244
(2010).
15. N. Iwamoto, N. Umesaki, S. Endo, T. Morimura, Characterization of plasma-sprayed and
whisker-reinforced alumina coatings. J. Mater. Sci. 22, 1113–1119 (1987).
16. E. Yablonovitch, Statistical ray optics. J. Opt. Soc. Am. 72, 899–907 (1982).
17. E. Yablonovitch, Intensity enhancement in textured optical sheets for solar cells. IEEE Trans.
Electr. Dev. 29, 300–305 (1982).
18. P. B. Clapham, M. C. Hutley, Reduction of lens reflection by the “moth eye” principle. Nature
244, 281–282 (1973).
19. A. R. Parker, H. E. Townley, Biomimetics of photonic nanostructures. Nat. Nanotechnol. 2,
347–353 (2007).
20. J.-K. Yang, C. Schreck, H. Noh, S.-F. Liew, M. I. Guy, C. S. O’Hern, H. Cao, Photonic-band-gap
effects in two-dimensional polycrystalline and amorphous structures. Phys. Rev. A 82,
053838 (2010).
21. J. Hao, J. Wang, X. Liu, W. J. Padilla, L. Zhou, M. Qiu, High performance optical absorber
based on a plasmonic metamaterial. Appl. Phys. Lett. 96, 251104 (2010).
22. T. V. Teperik, F. J. García de Abajo, A. G. Borisov, M. Abdelsalam, P. N. Bartlett, Y. Sugawara,
J. J. Baumberg, Omnidirectional absorption in nanostructured metal surfaces. Nat. Photonics 2,
299–301 (2008).
23. H. R. Stuart, D. G. Hall, Absorption enhancement in silicon-on-insulator waveguides using
metal island films. Appl. Phys. Lett. 69, 2327–2329 (1996).
24. C. Battaglia, J. Escarré, K. Söderström, M. Charrière, M. Despeisse, F.-J. Haug, C. Ballif,
Nanomoulding of transparent zinc oxide electrodes for efficient light trapping in solar cells.
Nat. Photonics 5, 535–538 (2011).Anguita et al. Sci. Adv. 2016; 2 : e1501238 26 February 201625. H. A. Atwater, A. Polman, Plasmonics for improved photovoltaic devices. Nat. Mater. 9,
205–213 (2010).
26. P. Spinelli, M. Hebbink, R. de Waele, L. Black, F. Lenzmann, A. Polman, Optical impedance
matching using coupled metal nanoparticle arrays. Nano Lett. 11, 1760–1765 (2011).
27. W. S. Boyle, P. Nozières, Band structure and infrared absorption of graphite. Phys. Rev. 111,
782–785 (1958).
28. K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, M. I. Katsnelson, I. V. Grigorieva,
S. V. Dubonos, A. A. Firsov, Two-dimensional gas of massless Dirac fermions in graphene.
Nature 438, 197–200 (2005).
29. R. R. Nair, P. Blake, A. N. Grigorenko, K. S. Novoselov, T. J. Booth, T. Stauber, N. M. R. Peres,
A. K. Geim, Fine structure constant defines visual transparency of graphene. Science 320,
1308 (2008).
30. Z. Fang, Z. Liu, Y. Wang, P. M. Ajayan, P. Nordlander, N. J. Halas, Graphene-antenna sand-
wich photodetector. Nano Lett. 12, 3808–3813 (2012).
31. Z. Fang, Y. Wang, Z. Liu, A. Schlather, P. M. Ajayan, F. H. L. Koppens, P. Nordlander,
N. J. Halas, Plasmon-induced doping of graphene. ACS Nano 6, 10222–10228 (2012).
32. V. W. Brar, M. C. Sherrott, M. S. Jang, S. Kim, L. Kim, M. Choi, L. A. Sweatlock, H. A. Atwater,
Electronic modulation of infrared radiation in graphene plasmonic resonators. Nat. Commun.
6, 7032 (2015).
33. K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V. Dubonos, I. V. Grigorieva,
A. A. Firsov, Electric field effect in atomically thin carbon films. Science 306, 666–669
(2004).
34. K. F. Mak, M. Y. Sfeir, Y. Wu, C. H. Lui, J. A. Misewich, T. F. Heinz, Measurement of the optical
conductivity of graphene. Phys. Rev. Lett. 101, 196405 (2008).
35. M. Freitag, H.-Y. Chiu, M. Steiner, V. Perebeinos, P. Avouris, Thermal infrared emission from
biased graphene. Nat. Nanotechnol. 5, 497–501 (2010).
36. P. Laitenberger, R. E. Palmer, Plasmon dispersion and damping at the surface of a semi-
mental. Phys. Rev. Lett. 76, 1952–1955 (1996).
37. M. Furchi, A. Urich, A. Pospischil, G. Lilley, K. Unterrainer, H. Detz, P. Klang, A. M. Andrews,
W. Schrenk, G. Strasser, T. Mueller, Microcavity-integrated graphene photodetector. Nano
Lett. 12, 2773–2777 (2012).
38. T. J. Echtermeyer, L. Britnell, P. K. Jasnos, A. Lombardo, R. V. Gorbachev, A. N. Grigorenko,
A. K. Geim, A. C. Ferrari, K. S. Novoselov, Strong plasmonic enhancement of photovoltage
in graphene. Nat. Commun. 2, 458 (2011).
39. X. Gan, K. F. Mak, Y. Gao, Y. You, F. Hatami, J. Hone, T. F. Heinz, D. Englund, Strong en-
hancement of light−matter interaction in graphene coupled to a photonic crystal nano-
cavity. Nano Lett. 12, 5626–5631 (2012).
40. K. Vynck, M. Burresi, F. Riboli, D. S. Wiersma, Photon management in two-dimensional
disordered media. Nat. Mater. 11, 1017–1022 (2012).
41. D. S. Wiersma, Disordered photonics. Nat. Photonics 7, 188–196 (2013).
42. Z. Sun, Z. Yan, J. Yao, E. Beitler, Y. Zhu, J. M. Tour, Growth of graphene from solid carbon
sources. Nat. Mater. 468, 549–552 (2010).
43. M. Zheng, K. Takei, B. Hsia, H. Fang, X. Zhang, N. Ferralis, H. Ko, Y.-L. Chueh, Y. Zhang,
R. Maboudian, A. Javey, Metal-catalyzed crystallization of amorphous carbon to graphene.
Appl. Phys. Lett. 96, 063110 (2010).
44. R. S. Weatherup, C. Baetz, B. Dlubak, B. C. Bayer, P. R. Kidambi, R. Blume, R. Schoegl,
S. Hofmann, Introducing carbon diffusion barriers for uniform, high-quality graphene
growth from solid sources. Nano Lett. 13, 4624–4631 (2013).
45. Y. Shibuta, J. A. Elliott, Interaction between two graphene sheets with a turbostratic ori-
entational relationship. Chem. Phys. Lett. 512, 146–150 (2011).
46. Z. Q. Li, C. J. Lu, Z. P. Xia, Y. Zhou, Z. Luo, X-ray diffraction patterns of graphite and turbo-
stratic carbon. Carbon 45, 1686–1695 (2007).
47. W. Zhao, P. H. Tan, J. Liu, A. C. Ferrari, Intercalation of few-layer graphite flakes with FeCl3:
Raman determination of Fermi level, layer by layer decoupling, and stability. J. Am. Chem.
Soc. 133, 5941–5946 (2011).
48. L. J. Cançado, K. Takai, T. Enoki, M. Endo, Y. A. Kim, H. Mizusaki, N. L. Speziali, A. Jorio,
M. A. Pimenta, Measuring the degree of stacking order in graphite by Raman spectroscopy.
Carbon 46, 272–277 (2008).
49. C.-H. Sun, B. J. Ho, B. Jiang, P. Jiang, Biomimetic subwavelength antireflective gratings on
GaAs. Opt. Lett. 33, 2224–2226 (2008).
50. D. G. Stavenga, S. Foletti, G. Palasantzas, K. Arikawa, Light on the moth-eye corneal nipple
array of butterflies. Proc. Biol. Sci. 273, 661–667 (2006).
51. C. J. Schuler, C. Wolff, K. Busch, M. Florescu, Thermal emission from finite photonic crystals.
Appl. Phys. Lett. 95, 241103 (2009).
52. M. Florescu, S. Torquato, P. J. Steinhardt, Designer disordered materials with large,
complete photonic band gaps. Proc. Natl. Acad. Sci. U.S.A. 106, 20658–20663 (2009).
53. A. C. Ferrari, Raman spectroscopy of graphene and graphite: Disorder, electron–phonon
coupling, doping and nonadiabatic effects. Solid State Commun. 143 , 47–57
(2007).
54. S. Haq, M. C. Hebbron, S. R. P. Silva, J. V. Anguita, High-emissivity radiator, Patent WO2006/
038040 A1, US20070210265.7 of 8
R E S EARCH ART I C L EAcknowledgments: We would like to acknowledge the technical support provided by BAE
Systems, the fruitful discussions with M. Florescu and J. D. Carey, and the HR-STEM analysis
by V. Stolojan. Funding: We are grateful for the funding provided by BAE Systems and the
Engineering and Physical Sciences Research Council (grant numbers GR/S72320/01 and EP/
L02263X/1). Author contributions: S.R.P.S., S.H., and J.V.A. designed the concept and experiments.
J.V.A. conducted the experiments and computer modeling. M.A., J.V.A., and J.A. helped in the
analysis of the measurements. J.V.A., M.A., S.H., J.A., and S.R.P.S. discussed the results and helped with
the interpretation and theoretical analysis. S.R.P.S. and J.V.A. wrote the manuscript and oversaw the
whole project. Competing interests: J.V.A., M.A., S.H., J.A. and S.R.P.S. declare that they have no
competing interests. Data andmaterials availability: All data needed to evaluate the conclusions
in the paper are present in thepaper and/or SupplementaryMaterials. Additional data related to thisAnguita et al. Sci. Adv. 2016; 2 : e1501238 26 February 2016paper may be requested from the authors and details of the data and how to request access are
available from the University of Surrey publications repository (http://epubs.surrey.ac.uk/809692).Submitted 7 September 2015
Accepted 23 December 2015
Published 26 February 2016
10.1126/sciadv.1501238
Citation: J. V. Anguita, M. Ahmad, S. Haq, J. Allam, S. R. P. Silva, Ultra-broadband light trapping
using nanotextured decoupled graphene multilayers. Sci. Adv. 2, e1501238 (2016).8 of 8
 o
n
 M
arch 1, 2016
http://advances.sciencem
ag.org/
D
ow
nloaded from
 
doi: 10.1126/sciadv.1501238
2016, 2:.Sci Adv 
and S. Ravi P. Silva (February 26, 2016)
José V. Anguita, Muhammad Ahmad, Sajad Haq, Jeremy Allam
graphene multilayers
Ultra-broadband light trapping using nanotextured decoupled
this article is published is noted on the first page. 
This article is publisher under a Creative Commons license. The specific license under which
article, including for commercial purposes, provided you give proper attribution.
licenses, you may freely distribute, adapt, or reuse theCC BY For articles published under 
. here
Association for the Advancement of Science (AAAS). You may request permission by clicking 
for non-commerical purposes. Commercial use requires prior permission from the American 
licenses, you may distribute, adapt, or reuse the articleCC BY-NC For articles published under 
http://advances.sciencemag.org. (This information is current as of March 1, 2016):
The following resources related to this article are available online at
http://advances.sciencemag.org/content/2/2/e1501238.full
online version of this article at: 
 including high-resolution figures, can be found in theUpdated information and services,
http://advances.sciencemag.org/content/2/2/e1501238#BIBL
6 of which you can be accessed free: cites 53 articles,This article 
trademark of AAAS 
otherwise. AAAS is the exclusive licensee. The title Science Advances is a registered 
York Avenue NW, Washington, DC 20005. Copyright is held by the Authors unless stated
published by the American Association for the Advancement of Science (AAAS), 1200 New 
 (ISSN 2375-2548) publishes new articles weekly. The journal isScience Advances
 o
n
 M
arch 1, 2016
http://advances.sciencem
ag.org/
D
ow
nloaded from
 
